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The meteoroid environment i n  space  may p r e s e n t  s i g n i -  
f i c a n t  hazards  t o  a Space S h u t t l e  h e a t  s h i e l d  p a r t i c u l a r l y  
i f  it i s  composed of coa ted  r e f r a c t o r y  metals such as columbium. 
These hazards  may n o t  on ly  j eopa rd ize  miss ion  success  b u t  a l s o  
a f f e c t  p o s t  f l i g h t  i n s p e c t i o n  and r e p a i r  o p e r a t i o n s  p r i o r  t o  
Space S h u t t l e  reuse .  This  memorandum p r e s e n t s  a p re l imina ry  a s s e s s -  
ment of t h e  r i s k  of heat  s h i e l d  meteoroid damage due t o :  1) 
punc tu re  of t h e  meta l l ic  h e a t  s h i e l d ,  and 2 )  p i t t i n g  of t h e  h e a t  
s h i e l d  coa t ing .  

Rad ia t ive  h e a t  s h i e l d s ,  as c u r r e n t l y  des igned ,  w i l l  
n o t  s a t i s f y  a meteoroid des ign  p r o b a b i l i t y  of g r e a t e r  t han  0 .9  
t h a t  no punctures  w i l l  occur i n  a s i n g l e  3-day miss ion .  I f  a 
no-puncture p r o b a b i l i t y  of 0 . 9 9 9  i s  adopted ,  t h e  concept  of a 
r a d i a t i v e  m e t a l l i c  h e a t  s h i e l d  does n o t  appear  very a t t r a c t i v e  
due t o  l a r g e  weight  p e n a l t i e s .  I f  a puncture  can be al lowed,  
c u r r e n t  h e a t  s h i e l d  weight e s t i m a t e s  a r e  n o t  s i g n i f i c a n t l y  a f f e c t e d .  

F o r  a t y p i c a l  3 ,000  f t 2  h e a t  s h i e l d ,  less t h a t  1 0 0  p i t s  
p e r  miss ion  should occur through t h e  p r o t e c t i v e  c o a t i n g ,  w i th  a 
more l i k e l y  number of about  20 .  The corresponding damaged c o a t i n g  
s u r f a c e  areas are 0 . 0 2 2  i n 2  and 0 . 0 0 4  i n 2  r e s p e c t i v e l y .  

Acceptable  va lues  of  damaged c o a t i n g  s u r f a c e  a r e a s  remain 
t o  be e s t a b l i s h e d .  However, t e s t s  i n d i c a t e  t h a t  damaged c o a t i n g  
a r e a s  can be v i s u a l l y  i d e n t i f i e d .  This  could f a c i l i t a t e  p o s t  
f l i g h t  i n s p e c t i o n s .  Relaxat ion of meteoroid des ign  c r i t e r i a ,  
combined wi th  some s a c r i f i c e  of payload c a p a b i l i t y  can reduce t h e  
frequency of p o s t  f l i g h t  o p e r a t i o n s  o r  i n c r e a s e  miss ion  d u r a t i o n s .  ;; 

w 
m 

T o  adequate ly  a s s e s s  t h e  r i s k  of c r i t i c a l  hea t  s h i e l d  - 
L : 
4 t o  de te rmine  t h e  e f f e c t s  of h igh  speed h o t  gas  impingement, s imi la r  

meteoro id  damage, more l a b o r a t o r y  t e s t i n g  should be performed 

t o  t h e  r e e n t r y  environment,  a g a i n s t  punctured o r  p i t t e d  specimens. m 
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SUBJECT: The E f f e c t  of t h e  Meteoroid DATE: A p r i l  1 7 ,  1970  

I 

I 
WASHINGTON, D. C. 20024 

Environment on a Coated Columbium i 

Radia t ive  Heat Sh ie ld  f o r  a Space FROM: J. C. Burford 
S h u t t l e  C .  E .  Johnson 

C.  C .  Ong I TM- 1 0  12- 1 

TECHNICAL MEMORANDUM 

1 . 0  INTRODUCTION 

T h e  meteoroid environment i n  space  may p r e s e n t  s i g -  
n i f i c a n t  hazards  t o  a Space S h u t t l e  h e a t  s h i e l d  p a r t i c u l a r l y  
i f  it i s  composed of coa ted  r e f r a c t o r y  me ta l s  such a s  columbi- 
um. These hazards  can j eopa rd ize  miss ion  success  and a f fec t  
p o s t  f l i g h t  i n s p e c t i o n  and r e p a i r  o p e r a t i o n s  p r i o r  t o  space  
s h u t t l e  r euse .  

If a s u f f i c i e n t l y  l a r g e  meteoroid s t r ikes  t h e  h e a t  
s h i e l d  t h e  p r o t e c t i v e  c o a t i n g  w i l l  be p e n e t r a t e d ,  t he reby  
expos ing  t h e  columbium s u b s t r a t e  t o  t h e  sur rounding  oxygen 
d u r i n g  r e e n t r y .  T h i s  could lead t o  excess ive  columbium oxida-  
t i o n  r e s u l t i n g  i n  a loss of heat  s h i e l d  s t r u c t u r a l  s t r e n g t h .  
I n  a d d i t i o n ,  i f  t h e  t o t a l  h e a t  s h i e l d  w a l l  i s  punctured ,  i n -  
t e r n a l  Space S h u t t l e  systems could be endangered by hyper- 
v e l o c i t y  p a r t i c l e  f ragmenta t ion  and subsequent  heat  leakage.  

This  memorandum gives  a p re l imina ry  assessment  of 
t h e  r i s k  of c r i t i c a l  meteoroid damage by e s t i m a t i n g  expec ted  
punc tu re  rates of bo th  the  p r o t e c t i v e  c o a t i n g  and t h e  t o t a l  
metall ic heat  s h i e l d .  Cumulative h e a t  s h i e l d  c o a t i n g  s u r f a c e  
areas damaged by impact ing meteoroids are a l s o  e s t ima ted .  
Heat s h i e l d  hazards  and meteoroid des ign  c r i t e r i a  i m p l i c a t i o n s  
are d i scussed .  

2 .0  STUDY APPROACH 

A t y p i c a l  Space S h u t t l e  c o n f i g u r a t i o n  i s  shown i n  
F i g u r e  1 fo r  which a r a d i a t i v e  metal l ic  h e a t  s h i e l d  s u r f a c e  

2 area of 3000 f t  i s  assumed. The Space S h u t t l e  i s  cons idered  
t o  be o r b i t i n g  t h e  ear th  i n  a random v e h i c l e  o r i e n t a t i o n  a t  
a n  average  a l t i t u d e  of 210  nm. The miss ion  d u r a t i o n  i s  3 days.  

Meteoroid p e n e t r a t i o n  of t h e  r a d i a t i v e  heat  s h i e l d  i s  
dependent on Space S h u t t l e  v e h i c l e  o r i e n t a t i o n  r e l a t i v e  t o  t h e  
e a r t h .  T h i s  dependency e x i s t s  due t o  t h e  meteoroid s h i e l d i n g  
c h a r a c t e r i s t i c s  of t h e  earth and t h e  l o c a t i o n  of t h e  r a d i a t i v e  
h e a t  s h i e l d  on t h e  base  of the  v e h i c l e  (see F i g u r e  1). 
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I f  t h e  Space S h u t t l e  w e r e  t o  f l y  on ly  i n  a hea t -  
shield-down o r i e n t a t i o n  ( f ac ing  t h e  e a r t h ) ,  t h e  e a r t h  would 
p rov ide  p r o t e c t i o n  a g a i n s t  those meteoroids  t h a t  would o the r -  
w i s e  s t r i k e  i f  t h e  e a r t h  were n o t  i n  t h e  way. Very l i t t l e  
a d d i t i o n a l  meteoroid p r o t e c t i o n ,  i f  any, would t h e r e f o r e  be 
r equ i r ed .  However, t h i s  mission mode i s  cons idered  t o  be 
o v e r l y  r e s t r i c t ive  f o r  purposes of advanced p lanning .  For  
this r eason ,  a random Space S h u t t l e  v e h i c l e  o r i e n t a t i o n  i s  
conqidered v i t h  a uniform meteoroid. environment which accounts  
f o r  t h e  meteoroid s h i e l d i n g  c h a r a c t e r i s t i c s  of t h e  e a r t h .  

A cross s e c t i o n a l  view of  a r a d i a t i v e  h e a t  s h i e l d  i s  
shown i n  F igu re  2 which i s  r e p r e s e n t a t i v e  of  c u r r e n t  p re l imi -  
nary Space S h u t t l e  des ign  (References 1 and 2 ) .  The dimensions 
c i t e d  re la te  t o  minimum gage est imates  and requirements  fo r  
h e a t i n g  and aerodynamic loading. They are r e p r e s e n t a t i v e  of a 
h e a t  s h i e l d  t h a t  i s  n o t  designed by t h e  meteoroid environment.  
The h e a t  s h i e l d  base  metal i s  columbium a l l o y  Cb 752 w i t h  a 
p r o t e c t i v e  c o a t i n g  of Sylvania  R512E System composed of SL-20Cr- 
20Fe and l aque r .  The coa t ing  has  an e q u i v a l e n t  s u r f a c e  B r i n e l l  
Hardness Number (BHN) between 780 and 1050.* 

A t h e o r e t i c a l  approach i s  used t o  determine t h e  r i s k  
of c r i t i c a l  meteoroid damage i n  which Apollo des ign  c r i t e r i a  
are used (See Appendix A ) .  The c i s l u n a r  meteoroid environment 
cited i n  t h e  Na tu ra l  Environment and P h y s i c a l  S tandards  f o r  t h e  
Apollo and t h e  Apollo Appl ica t ions  Program (NEPSAP) (Reference 4 )  
i s  employed a long  wi th  t h e  North American-Rockwell p e n e t r a t i o n  
equa t ion  (Reference 5 ) ,  which w a s  adopted f o r  Apollo. To assess 
t h e  v a l i d i t y  of  t h i s  approach, a comparison i s  made w i t h  in -  
f l i g h t  meteoroid p e n e t r a t i o n  d a t a  and Whipple p r e d i c t i o n s  (See 
Appendix B ) .  

I t  i s  n o t  desirable t o  apply  exper imenta l  d a t a  d i r e c t l y  
because:  

t h e  extreme hardness of  t h e  h e a t  s h i e l d  
c o a t i n g  (780<BHN>1050) i s  n o t  comparable 
w i t h  any materials used  du r ing  f l i g h t  
measurements (BHNz300) , 

* Hardness numbers of Rockwell C=70  and Microhardness = 1 0 5 0  
w e r e  fu rn i shed  by S. Priceman of Sylvania  Elec t r ic  Product  
Inc .  as be ing  r e p r e s e n t a t i v e  of c o a t i n g  hardness ,  p e r  a 
te lephone  c a l l  w i t h  C .  C .  Ong on September 3 ,  1 9 6 9 .  These 
hardness  numbers are equ iva len t  t o  BHNS of 780 and 1050 
r e s p e c t i v e l y  (Reference 3 ) .  
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t h e  c o a t i n g  i s  between approximately 1/5 
and 1/9 of t h e  t o t a l  h e a t  s h i e l d  t h i c k -  
n e s s  and it i s  assumed t h a t  t h e  mechanics 
of c o a t i n g  p e n e t r a t i o n  a r e  c l o s e r  t o  those 
of s e m i - i n f i n i t e  p e n e t r a t i o n  than  t h o s e  of 
t h i n - s h e e t  p e n e t r a t i o n  which c h a r a c t e r i z e  
i n - f l i g h t  s a t e l l i t e  exper iments ,  and 

an unders tanding  of t h e  r e l a t i o n s h i p  between 
c o a t i n g  t h i c k n e s s  and t h e  p r o b a b i l i t y  of a 
g iven  number of p e n e t r a t i o n s  o c u r r i n g  i s  
d e s i r e d .  Such a r e l a t i o n  i s  e s sen t i a l  i n  
t r a d e o f f  s t u d i e s  concerning meteoroid des ign  
c r i t e r i a  and t h e  maximum a l lowab le  v e h i c l e  
thermal  environment.  

3 .0  UNCERTAINTIES 

3 . 1  G e n e r a l  

U n c e r t a i n t i e s  e x i s t  i n  p r e d i c t i n g  h e a t  s h i e l d  meteor- 
oid r e s i s t a n c e  because o f :  
characterize t h e  meteoroid environment,  and 2 )  a n  incomplete  
unders tanding  of hype rve loc i ty  p e n e t r a t i o n  mechanics. 

1) a l a c k  of d a t a  t o  adequate ly  

Factors a f f e c t i n g  environmental  u n c e r t a i n t y  i n c l u d e  
t h e  meteoroid f l u x ,  p a r t i c l e  v e l o c i t y  and p a r t i c l e  d e n s i t y .  
The maximum u n c e r t a i n t y  v a r i a t i o n  i n  r e q u i r e d  s h i e l d i n g  weights  
f o r  t h e  nea r -ea r th  environment i s  d i scussed  i n  some d e t a i l  i n  
Reference 6 .  Environmental  u n c e r t a i n t i e s  a r e  n o t  cons idered  i n  
t h i s  a n a l y s i s .  

Uncer ta in ty  i s  a s s o c i a t e d  wi th  p e n e t r a t i o n  mechanics 
because meteoroid p e n e t r a t i o n  cannot  adequate ly  be s imula t ed  i n  
tes ts  s i n c e  p a r t i c l e s  of expected meteoroid sizes and d e n s i t i e s  
cannot  be a c c e l e r a t e d  t o  s u f f i c i e n t l y  h igh  v e l o c i t i e s .  Theor ies  
have n o t  adequate ly  c o r r e l l a t e d  wi th  tes ts  performed wi th  achiev-  
a b l e  v e l o c i t i e s  (Reference 7 )  s o  t h a t  e x t r a p o l a t i o n  of s e m i -  
e m p i r i c a l  d a t a  t o  expected v e l o c i t i e s  i s  u n c e r t a i n .  

3 . 2  Heat S h i e l d  Coat ing P e n e t r a t i o n  

Aerospace m a t e r i a l s  i n  g e n e r a l  have B r i n e l l  Hardness 
Numbers of $ 3 0 0 ,  whereas the  h e a t  s h i e l d  c o a t i n g  has  an equiva- 
l e n t  B r i n e l l  Hardness Number between 780 and 1 0 5 0 .  Because of 
t h i s  d i f f e r e n c e ,  a s u b s t a n t i a l  amount of a d d i t i o n a l  u n c e r t a i n t y  
e x i s t s  i n  p r e d i c t i n g  c o a t i n g  p e n e t r a t i o n  r a t e s  s i n c e  p e n e t r a t i o n  
r e s i s t a n c e  v a r i e s  w i th  t a r g e t  hardness  and it has been assumed 
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t h a t  t h e  North American-Rockwell p e n e t r a t i o n  equa t ion  ( w r i t t e n  
i n  t e r m s  of BHN) a l so  a p p l i e s  i n  t h i s  extreme hardness  range.  
Moreover, it has been assumed t h a t  t h i s  e q u a t i o n ,  which d e s c r i b e s  
p e n e t r a t i o n  i n t o  a s e m i - i n f i n i t e ,  homogeneous and i s o t r o p i c  body, 
can  be used t o  d e t e r m i n e  p e n e t r a t i o n  rates i n t o  a h e a t  s h i e l d  
which i s  a c t u a l l y  a composite s t r u c t u r e .  
nes s  i s  between 1/5 t o  1/9 the  t h i c k n e s s  of t h e  t o t a l  metall ic 
h e a t  s h i e l d ,  t h e  a p p l i c a b i l i t y  of t h e  s e m i - i n f i n i t e  character- 
i s t i c  of t h e  p e n e t r a t i o n  equat ion  appears  r easonab le  f o r  p r e l i m i -  
nary c a l c u l a t i o n s .  

S ince  t h e  c o a t i n g  t h i c k -  

I t  i s  est imated t h a t  a n  u n c e r t a i n t y  of 2.2 i n  c o a t i n g  
t h i c k n e s s  could be a s s o c i a t e d  wi th  e x t r a p o l a t i o n  of t h e  pene t r a -  
t i o n  equa t ion  i n t o  t h i s  extreme hardness  range.  That  i s ,  t h e  
t h i c k n e s s  r e q u i r e d  t o  p r e v e n t  more than  n p i t s  through t h e  coat- 
i n g  could  be low by a f a c t o r  of 2 .  The e f f ec t  of t h i s  unce r t a in -  
t y  i s  inc luded  i n  t h i s  memorandum f o r  comparison purposes  (An 
u n c e r t a i n t y  of 1 i n f e r s  t h a t  no  u n c e r t a i n t y  e x i s t s  i n  t h e  theo- 
r e t i c a l  approach) .  

3 . 3  Tota l  Heat S h i e l d  P e n e t r a t i o n  

The e q u i v a l e n t  composite B r i n e l l  Hardness Number f o r  
t h e  t o t a l  heat s h i e l d  (see page 6 )  f a l l s  i n  t h e  hardness  range 
of s t a n d a r d  aerospace  m a t e r i a l s .  
should  be more a c c u r a t e  f o r  t o t a l  h e a t  s h i e l d  p e n e t r a t i o n  than  
f o r  c o a t i n g  p e n e t r a t i o n .  

Consequently t h e  c a l c u l a t i o n s  

4 . 0  HEAT SHIELD COATING PITTING* RATES 

A f i r i n g  p rocess  i s  involved  i n  app ly ing  t h e  heat  s h i e l d  
c o a t i n g  t o  t h e  r e f r a c t o r y  base m e t a l .  T h i s  p rocess  r e s u l t s  i n  
i n t e r m e t a l l i c  d i f f u s i o n  between t h e  c o a t i n g  and t h e  base m e t a l  
c r e a t i n g  a g radua l  change of p r o p e r t i e s  a t  t h e  i n t e r f a c e .  ( T h i s  
b l end ing  e f fec t  i s  d e p i c t e d  i n  F igure  2 ) .  The re fo re ,  fo r  meteor- 
o i d  c a l c u l a t i o n s ,  t h e  c o a t i n g  i s  assumed t o  be between 0 . 0 0 3  and 
0 . 0 0 4  i nches  t h i c k .  

T o  provide  g e n e r a l i t y  i n  t h i s  s t u d y ,  c o a t i n g  t h i c k n e s s  
i s  t r e a t e d  as a v a r i a b l e  w i t h  r e s p e c t  t o  t h e  expec ted  number of 
p i t s .  F igure  3 shows t h e  v a r i a t i o n  of r e q u i r e d  hea t  s h i e l d  
c o a t i n g  t h i c k n e s s  w i t h  t h e  number of expec ted  p i t s  assuming a BHN 
of 850.  Two p a i r s  of curves  a r e  shown, each p a i r  cor responding  
t o  t h e  p r o b a b i l i t i e s  of 0 . 5  and 0.999 t h a t  n p i t s  o r  less w i l l  occur .  
( I n  other words, g r e a t e r  t h a n  n p i t s  w i l l  occur  i n  5 o u t  of 1 0  
miss ions  fo r  a p r o b a b i l i t y  of 0 . 5 ,  and i n  1 o u t  of 1 0 0 0  miss ions  
f o r  a p r o b a b i l i t y  of 0 .999 .  Therefore ,  more r i s k  i s  involved  

* A p i t  i s  de f ined  as a meteoroid crater i n  t h e  hea t  s h i e l d  deep 
enough t o  completely p e n e t r a t e  t h e  heat  s h i e l d  c o a t i n g .  
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Probability 

0.999 

0 .500 

in designing against the meteoroid environment with a probability 
of 0.5 than with a probability of 0 . 9 9 9 ) .  
0 .999 were chosen as representing extremes encountered in meteor- 
oid shielding design. For each of the two probability values the 
effect of an uncertainty of 2 in thickness is shown. 
tainty of 1 infers that no uncertainty exists in theoretical 
approach used in this memorandum). 
tions as in Figure 3 only for larger values of n and includes 
intermediate values of probability. 

Figure 3 1 ,  an uncertainty of 2 in thickness will allow only a 
fraction of a pit to occur if the shield is designed for zero 
pits. However, when many pits are concerned, an uncertainty of 
2 can create large differences in results. 
ings of 0.003 to 0.004 inches and uncertainties of 1 and 2, the 
number of expected pits for probabilities of 0.5 and 0 .999  are 
shown in Table 1. It is seen that the results corresponding to 
an uncertainty of 2 are 4 to 8 times as large as those for an 
uncertainty of 1. Therefore, the ability to predict heat shield 
coating pitting rates is very sensitive to the degree of uncer- 
tainty involved. 

The values of 0.5 and 

(An uncer- 

Figure 4 shows the same varia- 

Due to the asymptotic character of the curves (see 

For heat shield coat- 

Number of Pits 
Uncertainty of 1 Uncertainty of 2 

Coating Thickness 

0.004 in. 0.003 in. 0.004 in. 0.003 in. 

12 22 5 1  1 0 0  

4 10 31 77 

TABLE 1 - Heat Shield Coating Pitting Rates 

n 
Cumulative Damaged- -.It: 
Area 

i = l  



1 
1 
1 
I 
1 
I 
s 

.1 

t PROBABILITY = 

9 
5 
2.001 

w 
I- 

I 

.o001 

NOTE: 
MISSION DURATION = 3 DAYS 
HEAT SHIELD AREA = 3OOO ft2 
AVERAGE ORBIT ALTITUDE = 210 nm 
RANDOM VEHICLE ORIENTATION 

1 10 100 

MAXIMUM NUMBER OF PITS 

FIGURE 4 -HEAT SHIELD COATING PITTING RATES 
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Uncer t a in ty  

The l e t t e r  t r e f e r s  h e r e  t o  t h e  depth  of p e n e t r a t i o n  and n 
cor responds  t o  t h e  number o f  p i t s  t h a t  are expec ted .  However, 
t h e s e  r e s u l t s  w i l l  be l o w  s i n c e  t h e  hardness  of t h e  s h i e l d  
var ies  from a very  h igh  va lue  a t  t h e  c o a t i n g  s u r f a c e  t o  a 
much lower v a l u e  f o r  t h e  columbium base m e t a l .  
cles w i l l  t h e r e f o r e  p e n e t r a t e  deeper  than  t h a t  i n d i c a t e d  by 
F i g u r e s  3 and 4. The r e s u l t s  are a d j u s t e d  acco rd ing ly  by 
assuming t h e  p r o p e r t i e s  of t h e  t o t a l  composite h e a t  s h i e l d  
(see S e c t i o n  6 . 0 )  t o  apply a t  p e n e t r a t i o n  dep ths  greater than  
t w i c e  t h e  c o a t i n g  th i ckness .  

Larger p a r t i -  

Number of P i t s  Maximum Damaged A r e a ,  i n .  2 

Assuming a c o a t i n g  th i ckness  of 0.003 i n c h e s ,  Table  
2 l i s t s  t h e  P=O.999 cumulative damaged c o a t i n g  areas w i t h  
r e s p e c t  t o  t h e  number of p i t s  and u n c e r t a i n t i e s  of one and 
t w o .  

2 

TABLE 2 - P=O.999 Cumulative Damaged Coat ing A r e a s  
f o r  Coat ing Thickness of 0.003 i n .  

100 22 .0  

1 22  4 . 4  

6.0  PUNCTURE OF THE TOTAL HEAT SHIELD 

To assess t h e  p r o b a b i l i t y  of t h e  t o t a l  columbium h e a t  
s h i e l d  cross s e c t i o n  (F igure  2 )  being  punctured,  t h e  composite 
h e a t  s h i e l d  i s  i d e a l i z e d  as  one material  of equa l  t h i c k n e s s  and 
uniform p e n e t r a t i o n  r e s i s t a n c e .  A composite e q u i v a l e n t  B r i n e l l  
Hardness Number of  330 and a d e n s i t y  of  9 .3  g/cc are used t o g e t h e r  
w i t h  a s p a l l  f a c t o r  of  1.5.* The BHN of Cb-752 i s  es t ima ted  by 
assuming t h e  r e l a t i o n s h i p ,  Tens i l e  S t r e n g t h  = 515 BHN (Reference 8 ) .  
T h e  BHNs  of t w o  0.0034 inch  coa t ings  are then  "weighted" w i t h  t h e  
estimated BHN of  a 0 . 0 2 0  inch CB-752 base  metal t o  o b t a i n  t h e  
composite BHN of  approximately 330. 

The expected number of punctures  f o r  v a r i o u s  p r o b a b i l i -  
t ies  and t o t a l  h e a t  s h i e l d  th i ckness  are p l o t t e d  i n  F igu res  5 and 
6 and are g e n e r a l l y  summarized i n  Table 3 .  
h e a t  s h i e l d  th i ckness  of 0 . 0 2 6  inches  w i l l  n o t  s a t i s f y  a c r i t e r i o n  
of greater than  0 . 9  t h a t  no punctures  w i l l  occur .  

Notice t h a t  a t o t a l  

*Spa11 is  ejecta  emitted from t h e  rear f a c e  of a s t r u c t u r e  of  
f i n i t e  t h i c k n e s s  due t o  high speed p a r t i c l e  impact.  A s p a l l  
f a c t o r  re la tes  t h e  s e m i - i n f i n i t e  p e n e t r a t i o n  depth  t o  an 
e q u i v a l e n t  t h i n - s h e e t  t h i ckness  of equa l  p e n e t r a t i o n  r e s i s t a n c e .  
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NOTE: 
MISSION DURATION = 3 DAYS 
HEAT SHIELD AREA = 3000 ft2 
AVERAGE ORBIT ALTITUDE - 210 nm 
RANDOM VEHICLE ORIENTATION 

1 1 I 1 I l l l l  1 1 1 I I I I I I  
1 1 I 1  1 1 1 1  

100 1000 1 10 

MAXIMUM NUMBER OF PUNCTURES 

FIGURE 6 -TOTAL HEAT SHIELD THICKNESS PUNCTURE RATE 
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0 . 9 9 9  

0.1367 

0.0356 

0.0233 

0 . 0 1 6 5  

TABLE 3 - Required T o t a l  Heat S h i e l d  Thickness ( i n c h e s )  

0 . 9  0.8 0 . 7  0 . 9 9  

0.0605 0 . 0 2 6 9  0 . 0 2 0 4  0 . 0 1 7 0  

0.0243 0 . 0 1 4 9  0 . 0 1 2 8  0.0115 

0 . 0 1 6 1  0.0115 0.0103 0.0095 

0.0128 0.0098 0.0089 0.0083 

Number of Punctures  1 P r o b a b i l i t y  
I 

7 . 0  SPACE SHUTTLE HEAT S H I E L D  HAZARDS AND METEOROID DESIGN 
C R I T E R I A  IMPLICATIONS 

7 . 1  Hazards 

Two h e a t  s h i e l d  hazards  can occur  due t o  meteoroid 
impact : 

t h e  loss of h e a t  s h i e l d  s t r u c t u r a l  s t r e n g t h  due 
t o  s u b s t r a t e  ox ida t ion  o r  p e n e t r a t i o n ,  and 

t o t a l  h e a t  s h i e l d  puncture  r e s u l t i n g  i n  hyper- 
v e l o c i t y  p a r t i c l e  f ragmenta t ion  and subsequent  
h e a t  leakage.  

r i s k  t o  i n t e r n a l  Space S h u t t l e  systems due t o  

The f i r s t  hazard has been i n v e s t i g a t e d  by several  com- 
pan ie s .  McDonnell Douglas As t ronau t i c s  Company (Reference 9 )  
expe r imen ta l ly  s t u d i e d  t h e  e f fec t  of local c o a t i n g  damage on 
t h e  s t r u c t u r a l  i n t e g r i t y  of Cb-752 coa ted  wi th  Sy lvan ia  R512E 
System. Small t e s t  specimens wi th  damages p r e v i o u s l y  induced 
by mechanical ly  removing coa t ing  areas of 30 t o  375 m i l s  i n  
d i ame te r  were exposed t o  a maximum tempera ture  of 2400'F i n  a h igh  
stress and a l o w  p r e s s u r e  s t a t i c  o x i d a t i o n  environment. R e s u l t s  
show t h a t  t h e  damage si tes a r e  n o t  s t r u c t u r a l  weak p o i n t s  and 
t h a t  l o c a l l y  damaged specimens can s t r u c t u r a l l y  res i s t  t e n s  of 
s t a t i c  h e a t i n g  c y c l e s  before  f a i l u r e .  Sy lvan ia  Electr ic  Products  
(Reference 1 0 )  a l s o  conducted s i m i l a r  tes ts  on a r t i f i c a l l y  
d e f e c t e d  coupons of coa ted  columbium a l l o y  D-43. The d e f e c t s  
c o n s i s t e d  of s m a l l  h o l e s  1 7  t o  32 m i l s  i n  d i ame te r ,  d r i l l e d  
completely through t h e  coated coupons. The specimens were also 
exposed t o  a s t a t i c  ox ida t ion  environment of low p r e s s u r e  a t  
2500'F. A f t e r  1 0  s imulated r e e n t r y  c y c l e s ,  a yel low columbium 
ox ide  w a s  formed around t h e  holes b u t  t h e  h o l e s  had n o t  been 
apprec iab ly  en la rged .  
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These t es t  r e s u l t s  sugges t  t h a t  s m a l l  local  c o a t i n g  
damage and even s m a l l  h o l e s  through t h e  t o t a l  h e a t  s h i e l d  
c r o s s  s e c t i o n  may n o t  jeopard ize  t h e  s t r u c t u r a l  i n t e g r i t y  of 
t h e  Space S h u t t l e  h e a t  s h i e l d .  However, t h i s  may n o t  be t h e  
case s i n c e  t h e s e  r e s u l t s  were ob ta ined  from s t a t i c  fu rnace  t e s t  
environments.  To adequate ly  a s s e s s  t h e  h e a t  s h i e l d  meteoroid 
hazard  and e s t a b l i s h  acceptab le  va lues  of damaged c o a t i n g  s u r f a c e  
a r e a s  f o r  Space S h u t t l e  des igns ,  more rea l i s t ic  aero thermal  t e s t  
s i m u l a t i o n s  are needed. 

The s t a t i c  tes ts  i n d i c a t e  t h a t  damaged areas can be 
v i s u a l l y  i d e n t i f i e d  due t o  t h e  yel low d i s c o l o r a t i o n  e f f e c t  pro- 
duced by columbium o x i d a t i o n .  This  could f a c i l i t a t e  p o s t  f l i g h t  
i n s p e c t i o n  and re furb ishment  ope ra t ions .  

The second hazard r e s u l t i n g  from t o t a l  h e a t  s h i e l d  
punc tu re  has  n o t  been i n v e s t i g a t e d .  
t h i s  problem i s  needed t o  e s t a b l i s h  a b a s i s  f o r  c r i t e r i a  formu- 
l a t i o n .  I n  p a r t i c u l a r ,  can meteoroid punc tu res  through t h e  e n t i r e  
h e a t  s h i e l d  cross s e c t i o n  be allowed or  no t?  Cri ter ia  may vary  
l o c a l l y  depending on what i s  underneath t h a t  p a r t  of t h e  h e a t  
s h i e l d .  

A thorough unders tanding  of 

7 .2  Meteoroid Design C r i t e r i a  I m p l i c a t i o n s  

Weight P e n a l t i e s  

Meteoroid p r o t e c t i o n  weight  p e n a l t i e s  a r e  h igh ly  s e n s i -  
t i v e  t o  t h e  s e l e c t i o n  of design c r i t e r i a  and can  be i n o r d i n a t e l y  
l a r g e  when cons ide red  i n  terms of Space S h u t t l e  payload c a p a b i l i t y .  
Table  4 l i s ts  3-day-mission weight p e n a l t i e s  fo r  c r i t e r i a  of no 
punc tu res  P ( 0 )  and one puncture  o r  less o c c u r r i n g  P ( O , l ) ,  based 
on t h e  c u r r e n t  h e a t  s h i e l d  weight e s t i m a t e  by McDonnell Douglas 
of 1 . 4  l b s / f t 2  (Reference 2 )  which does n o t  c o n s i d e r  t h e  e f f e c t s  
of t h e  meteoroid environment. I t  i s  seen  t h a t  i f  a no-puncture 
p r o b a b i l i t y  of 0 .999  is  adopted ( t y p i c a l  of A p o l l o ) ,  t h e  concept  
of meta l l ic  r a d i a t i v e  h e a t  s h i e l d  des ign  does no t  appear  very  
a t t r a c t i v e ,  s i n c e  6 2 . 4  pe rcen t  of a 25000 l b  Space S h u t t l e  pay- 
load  c a p a b i l i t y  i s  s a c r i f i c e d .  However, i f  one puncture  i s  
al lowed,  t h e  h e a t  s h i e l d  weights dec rease  s i g n i f i c a n t l y  t o  v a l u e s  
approximately e q u a l  t o  McDonnell Douglas' c u r r e n t  e s t i m a t e .  
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Designed for 
Meteoroid Environment 

P ( 0 )  P(0,l) P(0) P(0,1) 
0.999 0.99 

6.6 1.7 2.8 1.1 

15,600 900 4,200 0 

62.4 3.6 16.8 0 

TABLE 4 - Space Shuttle Heat Shield Meteoroid 
Design Criteria/Weight Penalties 

Not Designed For 
Meteoroid Environ- 
ment (McDonnell 
Douglas) 

1.4 

0 

0 

Shield (lbs/ 

Weight In- 
crease For 
3000 ft2 of 
Shield (lbs) 

eight In- 

Mission Duration and Frequency of Post Flight 
Inspection and Refurbishment (I/R) Operations 

Space Shuttle heat shield weights are a function of 
accumulated flight time between ground operations required for the 
detection and possible repair of meteoroid damage. 
flight time is accumulated by flying one long mission or a sequence 
of short consecutive missions of varying durations makes no differ- 
ence. Therefore, in addition to the usual tradeoff existing be- 
tween meteoroid shielding payload penalties and allowable mission 
durations, a further tradeoff exists in Space Shuttle design. 
Namely, is it more economical to fly one mission or a number of 
missions between I/R operations? 

Whether the 

Meteoroid shielding payload penalty relationships with 
1) mission durations, and 2 )  I / R  operations are shown in Figures 
7 and 8 respectively, for the case of total heat shield puncture. 
These figures are based on Table 4 and the equation (from 
Equation 6A) 

Heat Shield Weight a (Total Flight Time) 0.353 

For the case of heat shield coating pitting, the relationships 
depend on acceptable values of damaged coating areas which 
remain to be established (see page 8). 
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Figure  8 d e p i c t s  t h e  meteoroid s h i e l d i n g / I R  o p e r a t i o n s  
t r a d e s  which are involved  fo r  consecut ive  3-day mis s ions .  
l oad  p e n a l t y  i s  p l o t t e d  a g a i n s t  t h e  number of f l i g h t s  between 
I / R  o p e r a t i o n s  f o r  v a r i o u s  meteoroid des ign  c r i t e r i a .  I t  i s  
appa ren t  t h a t :  

Pay- 

(1) payload can be t r aded  f o r  I /R o p e r a t i o n s  
( o r  miss ion  d u r a t i o n s ) ,  

( 2 )  r e l i a b i l i t y  a g a i n s t  meteoroid damage can 
be traded f o r  I / R  o p e r a t i o n s  (or miss ion  
d u r a t i o n s ) ,  and 

( 3 )  payload can be traded f o r  r e l i a b i l i t y  
a g a i n s t  meteoroid damage. 

The t r a d e o f f  between payload c a p a b i l i t y  and I / R  
o p e r a t i o n s  i s  p a r t i c u l a r l y  s i g n i f i c a n t  i n  t h a t  it i s  severe and 
a f f e c t s  program cost. For example, t o  maximize r e u s a b i l i t y  t h e  
number of f l i g h t s  between I / R  o p e r a t i o n s  must a l so  be maximized. 
But ,  t h i s  i n  t u r n  s u b s t a n t i a l l y  reduces payload c a p a b i l i t y  
n e c e s s i t a t i n g  more f l i g h t s  t o  d e l i v e r  a desired payload i n t o  
space .  D o l l a r s  are saved by reducing I / R  o p e r a t i o n s ,  b u t  they  
are s p e n t  s i n c e  more f l i g h t s  are r e q u i r e d .  

The number of f l i g h t s  between I / R  o p e r a t i o n s  can a l s o  
be maximized by r e l a x i n g  t h e  r e l i a b i l i t y  a g a i n s t  meteoroid damage. 
I n  g e n e r a l ,  r e l a x a t i o n  of a no-puncture p r o b a b i l i t y  of 0 .999  t o  
0 .99  w i l l  i n c r e a s e  t h e  number of f l i g h t s  between I / R  o p e r a t i o n s  
(o r  mis s ion  d u r a t i o n s )  by an order of magnitude. I n  a d d i t i o n ,  
i f  one puncture  i s  al lowed,  a f u r t h e r  order-of-magnitude i n c r e a s e  
w i l l  occur .  Space S h u t t l e  meteoroid des ign  c r i t e r i a  remain t o  be 
e s t a b l i s h e d .  

The payload p e n a l t y  can be reduced by r e l a x i n g  t h e  re- 
l i a b i l i t y  a g a i n s t  meteoroid damage. For miss ion  d u r a t i o n s  be- 
tween approximately 3 t o  1 0  days, r e l a x a t i o n  of a no-puncture 
p r o b a b i l i t y  of 0 .999  t o  0 .99  w i l l  dec rease  t h e  payload p e n a l t y  
by a f a c t o r  of = 2 / 3 .  I n  a d d i t i o n ,  i f  one puncture  i s  al lowed,  no 
s i g n i f i c a n t  payload p e n a l t i e s  w i l l  occur .  

8 .0  CONCLUSIONS AND RECOMMENDATIONS 

8 . 1  Conclusions 

General  

. If t h e  Space S h u t t l e  were t o  f l y  only  i n  a 
heat-shield-down o r i e n t a t i o n  ( f a c i n g  t h e  
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e a r t h )  very  l i t t l e  a d d i t i o n a l  meteoroid 
p r o t e c t i o n ,  i f  any,  would be r e q u i r e d  on 
t h e  windward su r faces .  

The t o t a l  f l i g h t  time between i n s p e c t i o n  
and r e p a i r  ope ra t ions  f o r  a sequence of 
consecu t ive  m i s s i o n s  of vary ing  d u r a t i o n s ,  
e q u a l s  t h e  al lowable miss ion  d u r a t i o n  f o r  
a s i n g l e  f l i g h t .  

Meteoroid P i t t i n g  of Heat S h i e l d  Coat ing 

L e s s  than  100 p i t s  p e r  miss ion  should occur  i n  
t h e  h e a t  s h i e l d  c o a t i n g  wi th  a more l i k e l y  number of 
about  20 .  
s u r f a c e  areas are 0,022 i n 2  and 0 . 0 0 4  i n 2  
r e s p e c t i v e l y .  

The corresponding damaged c o a t i n g  

The p r e d i c t i o n  of t h e  number of p i t s  i s  very  

Acceptable  va lues  of damaged c o a t i n g  s u r f a c e  

s e n s i t i v e  t o  t h e  u n c e r t a i n t y  involved.  

areas f o r  Space S h u t t l e  des ign  remain t o  be 
e s t a b l i s h e d .  P o s t  f l i g h t  i n s p e c t i o n  and 
r e p a i r  may be r equ i r ed  a f t e r  each f l i g h t .  

T e s t s  i n d i c a t e  t h a t  damaged c o a t i n g  a r e a s  
due t o  meteoroid impact can be v i s u a l l y  
i d e n t i f i e d  due t o  t h e  yel low d i s c o l o r a t i o n  
e f f e c t  produced by columbium o x i d a t i o n  
du r ing  atmospheric  r e e n t r y .  This  could 
f a c i l i t a t e  p b s t  f l i g h t  i n s p e c t i o n  and 
re furb ishment  ope ra t ions .  

Meteoroid Puncture  of T o t a l  Heat S h i e l d  

Rad ia t ive  h e a t  s h i e l d s  c u r r e n t l y  designed by 
minimum gage estimates and requirements  f o r  
h e a t i n g  and aerodynamic load ing  (see F igure  2 )  
w i l l  n o t  s a t i s f y  a meteoroid des ign  p r o b a b i l i t y  
of g r e a t e r  than  0 . 9  t h a t  no punctures  w i l l  occur .  

I f  a no-puncture p r o b a b i l i t y  of 0 . 9 9 9  i s  adopted 
( t y p i c a l  of A p o l l o ) ,  t h e  concept  of a r a d i a t i v e  
m e t a l l i c  heat  s h i e l d  does n o t  appear  very  a t t rac-  
t i v e  due t o  l a r g e  weight p e n a l t i e s .  

For miss ion  du ra t ions  of approximately 3 t o  1 0  
days ,  r e l a x a t i o n  of a no-puncture p r o b a b i l i t y  
of 0 .999  t o  0 . 9 9  w i l l  dec rease  meteoroid payload 
p e n a l t i e s  by = 2 / 3 .  I n  a d d i t i o n ,  i f  one puncture  
i s  al lowed,  no s i g n i f i c a n t  payload p e n a l t i e s  w i l l  
occur .  
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S a c r i f i c e  of payload c a p a b i l i t y  w i l l  i n c r e a s e  
t h e  number of  f l i g h t s  between p o s t  f l i g h t  i n -  
s p e c t i o n  and re furb ishment  ( I / R )  o p e r a t i o n s  
(or  i n c r e a s e  miss ion  d u r a t i o n s ) .  However, t h i s  
t r a d e o f f  i s  severe and a f f e c t s  program c o s t .  

Relaxa t ion  of a no-puncture des ign  c r i t e r i o n  of  
0.999 t o  0.99 w i l l  i nc rease  t h e  number of  
f l i g h t s  between I / R  ope ra t ions  ( o r  miss ion  
d u r a t i o n s )  by an  o r d e r  of magnitude. I n  a d d i t i o n ,  
i f  a puncture  can be accepted ,  a f u r t h e r  o rde r -  
of-magnitude i n c r e a s e  w i l l  occur .  

8.2 RECOMMENDATIONS 

T o  adequate ly  assess t h e  r i s k  of  c r i t i c a l  h e a t  
s h i e l d  meteoroid damage, l a b o r a t o r y  t e s t i n g  should  
be performed which inc ludes  t h e  e f f e c t s  of h igh  
speed hot-gas impingement s i m i l a r ,  t o  t h e  r e e n t r y  
envi ronment ,aga ins t  t es t  specimens. 

An i n v e s t i g a t i o n  of p o t e n t i a l  hazards  associated 
wi th  t o t a l  h e a t  s h i e l d  meteoroid puncture  should  
be  undertaken t o  e s t a b l i s h  whether o r  n o t  punc tu res  
can be accepted  i n  Space S h u t t l e  des ign .  These 
hazards  invo lve  t h e  r i s k  t o  i n t e r n a l  systems due 
t o  hype rve loc i ty  p a r t i c l e  f ragmenta t ion  and sub- 
sequen t  h e a t  leakage.  

Hyperveloci ty  impact t e s t i n g  should be performed 
t o  a i d  i n  determining t h e  meteoroid p e n e t r a t i o n  
c h a r a c t e r i s t i c s  of t y p i c a l  me ta l l i c  r a d i a t i v e  
h e a t  s h i e l d s .  A 

1 0 1 2 - C E J - s e m  
1013-CCO 

J J .  C .  Burford 
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APPENDIX A 

ANALYSIS 

domenclature:  

N = Number of impacts p e r  squa re  f o o t  p e r  day 
exceeding a p a r t i c l e  mass m 

m = Meteoroid mass, grams 

= Unit  weight of impact ing p a r t i c l e ,  g /cc  'm 
p t  = Unit  weight  of t a r g e t  material;  5 .85  g/cc 

f o r  t h e  coa t ing  and 9.3 g/CC f o r  the 
e n t i r e  h e a t  sh i e ld .*  

= Impact v e l o c i t y  of impact ing p r o j e c t i l e ,  km/sec "m 
A = Exposed area t o  meteoroid environment,  f t  2 

T = Durat ion of Space  S h u t t l e  i n  t h e  
meteoroid environment, days.  

t = Coating t h i c k n e s s ,  inches  

d = Depth of p e n e t r a t i o n ,  i nches  

dm = D i a m e t e r  of impacting p r o j e c t i l e ,  

H t  = B r i n e l l  Hardness Number; 780 -f 1 0 5 0  f o r  t h e  

n = Number of p e n e t r a t i o n s  

c m  

2 
coa t ing  and 330 f o r  t h e  t o t a l  h e a t  s h i e l d ,  kg/mm 

X = Expected events  = NFAT 

P ( 0 , 1 , 2 . . . n )  = P r o b a b i l i t y  of n o r  less even t s  occur r ing  

F = Shie ld ing  Fac tor  

R = Radius of s h i e l d i n g  body, km 

H = A l t i t u d e  above s h i e l d i n g  body, km 

*Unit  weight  of c o a t i n g  obta ined  from r e f e r e n c e  c i t e d  i n  
f o o t n o t e  on  page 2 of memorandum. 
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Assumptions : 

1. T h e  h e a t  s h i e l d  coa t ing  i s  between 0 . 0 0 3  and 0 . 0 0 4  
inches  t h i c k .  

2 .  The Apollo c i s l u n a r  meteoroid environment c i t e d  i n  
NEPSAP a p p l i e s  (Reference 4 ) .  

l og  N = - log  m - 9 . 6 9 5  

= 0 . 5  g/cc 'm 

V = 30 km/sec 
avg 

3 .  The North American-Rockwell p e n e t r a t i o n  equa t ion  
a p p l i e s  (Reference 5). 

1 . 0 6  0.5v 0 . 6 7  -0 .167  - 0 . 2 5  (A-2 )  
Pm m P t  Ht d = 0 . 5 4 3  dm 

4 .  

5. 

Impacting meteoroid p a r t i c l e s  are s p h e r i c a l  i n  shape. 

The theo ry  f o r  p e n e t r a t i o n  i n t o  a s e m i - i n f i n i t e  body 
is  used s i n c e  t h e  coa t ing  is  1 / 5  t o  1/9 t h e  t h i c k n e s s  
of t h e  t o t a l  h e a t  s h i e l d .  

Equat ions  (A-1)  and (A-2) c a n  be combined ,to re1.a e t o  th.e mass of 

p r o b a b i l i t y  a s  fo l lows:  
t h e  des ign  meteoroid and t h e  r equ i r ed  c o a t i n g  t h l c  f( ness  w l t h  

The p r o b a b i l i t y  of n p e n e t r a t i o n s  or  less o c c u r r i n g  
can be expressed  us ing  t h e  Poisson d i s t r i b u t i o n  as 

The average  number of expected even t s  n can be expressed  as 

X = NFAT (A-3) 
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Using equa t ion  ( A - l ) ,  t h e  meteoroid f l u x  can  be w r i t t e n  as 

m =  2 . 0 2  x 10-loFAT 
A 

Express ing  t h e  meteoroid diameter  i n  t e r m s  of m a s s  

(A-4 )  

(A-5) 

S u b s t i t u t i n g  equa t ions  (A-5) and ( A - 6 )  i n t o  ( A - 2 )  and equa t ing  
dep th  of p e n e t r a t i o n  t o  coa t ing  t h i c k n e s s ,  t h e  r e q u i r e d  t h i c k n e s s  
t o  p r e v e n t  c o a t i n g  p e n e t r a t i o n  can f i n a l l y  be w r i t t e n  as 

-4  FAT 
111 

i t = 2.59 x 1c 

( A - 6 )  

The v a l u e s  of A a s s o c i a t e d  w i t h  v a r i o u s  p r o b a b i l i t i e s  
of n o r  less punctures  occur r ing  can b e  determined as fo l lows:  

For n < 15,  t h e  cumulative Poisson  d i s t r i -  
b u t i o n - i s  l i s t e d  i n  most s t a t i s t i c s  textbooks 
(Reference 11). 

For  15<n<50,X can be approximated by t h e  
equa t ion  (Reference 1 2 ,  Equat ion 2 6 . 4 . 1 4 ,  
Page 9 4 1 ) .  
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F o r  n > 5 0 ,  can be approximated by the equa t ion  (Reference 1 2 ,  
E q u a t i o n  2 6 . 4 . 1 3 ,  P a g e  9 4 1 )  

Values  of x1 f o r  var ious p r o b a b i l i t i e s  are  ( R e f e r e n c e  1 2 ,  
T a b l e  2 6 . 5 )  

P = 0 .999  x1 = - 3 . 0 9 0 2 3  

P = 0 . 9 9  X1 = -2 .32635  

P = 0 . 9  

P = 0 . 8  

P = 0 . 7  

P = 0 .6  

P = 0 . 5  

X1 - 1 . 2 8 1 5 5  

x1 = -0 .84162  

X1 = -0 .52440  

X1 = - 0 . 2 5 3 3 5  

x1 = -0 

The s h i e l d  f ac to r  F i s  d e t e r m i n e d  by (Reference 1 3 )  

1 + cos 0 F =  
2 

where 

R s i n  0 = - R + H  

F o r  a Space S h u t t l e  o r b i t i n g  the  ear th  a t  an average a l t i t u d e  of 
210 nm o r  3 8 8  k m ,  t h e  sh ie ld ing  fac tor  i s  

F = 0 . 6 6 9  
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APPENDIX B 

C o r r e l a t i o n  of Theory wi th  I n - F l i g h t  Meteoroid Data 

S a t e l l i t e  Data 

The p e r f o r a t i o n  r a t e s  of t h i n  sheets o f  s t a i n l e s s  
s teel  (Explorer  X I I I )  , beryll ium-copper (Explorer  X V I )  , and 
aluminum (Pegasus) have been measured d i r e c t l y  i n  t h e  n e a r - e a r t h  
meteoro id  environment. The Explorer  r e s u l t s  are ana lyzed  i n  
de t a i l  i n  Reference 1 4 ,  and t h e  Pegasus p o i n t s ,  i n  Reference 15.  

The Explorer  p o i n t s  are regarded w i t h  g r e a t e r  conf idence  
t h a n  t h e  Pegasus p o i n t s  f o r  s e v e r a l  reasons .  F i r s t ,  t he  Exp lo re r  
detectors c o n s i s t e d  of  p r e s s u r i z e d  cans  where p e r f o r a t i o n  of t h e  
exposed w a l l  w a s  recorded  as a p r e s s u r e  drop and provided  an unam- 
biguous r eco rd  of impact.  On t h e  o t h e r  hand, t h e  Pegasus detectors 
c o n s i s t e d  of a c a p a c i t o r  device where t h e  o u t e r  aluminum s h e e t  w a s  
l a i d  d i r e c t l y  o n t o  a d i e l e c t r i c  l a y e r  s e p a r a t i n g  t h e  c a p a c i t o r  
p l a t e s .  P e r f o r a t i o n  w a s  d e t e c t e d  by a s h o r t  i n  t h e  c a p a c i t o r .  The 
d e t e c t o r s  w e r e  thought  t o  g ive  s p u r i o u s  r ead ings  when s u b j e c t e d  t o  
extremes of e l e c t r o n  r a d i a t i o n .  Second, t h e  t h r e s h o l d  p e r f o r a t i o n  
of t h e  aluminum s h e e t  w a s  probably a f f e c t e d  by t h e  d i e l e c t r i c  
l a y e r  and o ther  backing materials. 
probably  necessary  t o  g i v e  a recorded " h i t "  on t h e  Pegasus 
d e t e c t o r  than  would have been r e q u i r e d  us ing  a s i n g l e  t h i n  s h e e t  
of the  same th i ckness .  A c a l i b r a t i o n  program f o r  the  Pegasus 
detectors w a s  c a r r i e d  o u t ,  bu t  the  r e s u l t s  are i n c o n c l u s i v e  
(Reference 16) . 

A h e a v i e r  p r o j e c t i l e  w a s  

Data P r e s e n t a t i o n  

Alvarez has obta ined  an estimate of a convers ion  
e q u a t i o n  r e l a t i n g  Pegasus th i cknesses  t o  e q u i v a l e n t  Exp lo re r  
t h i c k n e s s e s  (Reference 1 4 ) .  H e  o b t a i n s  

t ( P e g )  = 0.82 t (Exp) .  (B-1) 

Tha t  i s ,  t h e  200-micron aluminum Pegasus detector i s  e q u i v a l e n t  
t o  a 244-micron s t a i n l e s s  s t ee l  t h i n  sheet. T h i s  equa t ion  w a s  
determined from the  requirement t h a t  t h e  d a t a  f i t  a pa rabo la  and 
i s  therefore a theoretical  p r e d i c t i o n .  I t  has been used t o  
a d j u s t  t h e  Pegasus d a t a  as shown i n  F igu re  B-1.  Alvarez has  
c o r r e l a t e d  t h e  r e s u l t s  f o r  t h e  three m a t e r i a l s  i n  Reference 1 4  
(page 85) and has ob ta ined  t h e  fo l lowing  t h i n - s h e e t  p e r f o r a t i o n  
rate equa t ion  

2 
loglON = -5.9657 + 1.3638 log lo t  -0.6831 l o g l o t ,  ( B - 2  1 
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where N i s  t h e  p e r f o r a t i o n  rate of s ta inless  s teel  i n  number p e r  
m p e r  sec, and t i s  the s ta inless  steel  t h i n  sheet e q u i v a l e n t  
t h i c k n e s s  i n  microns ( 1 ~ ) .  T h i s  e q u a t i o n  i s  cons ide red  v a l i d  by 
Alvarez fo r  101~ < t e 8 . 4  x 1 0  p, and i s  shown p l o t t e d  i n  
F igu re  B-1  t o g e t h e r  w i th  t h e  s a t e l l i t e  d a t a .  

2 

3 

The a u t h o r s  have a l s o  made an  estimate of t h e  m a t e r i a l  
t h i c k n e s s  conversion r e l a t i o n  between t h e  Pegasus and Exp lo re r  
d e t e c t o r s .  This  estimate invo lves  account ing  f o r  bo th  t h e  d e t e c t o r  
material and c o n f i g u r a t i o n  d i f f e r e n c e s .  Using t h e  North American 
Rockwell (NAR) equa t ion  (A-21 ,  material d i f f e r e n c e s  between aluminum 
and s t a i n l e s s  steel  w e r e  accounted f o r  by t h e  equa t ion  

where H i s  t h e  B r i n e l l  Hardness Number and p i s  t h e  d e n s i t y  of the 
t a r g e t .  BHN v a l u e s  w e r e  taken t o  be 80  f o r  t he  4 0 ~  1100-0  d e t e c t o r ,  
and 150 fo r  t h e  2 0 0 ~  and 40011 2024 T-3 detectors. 

S ince  t h e  Pegasus d e t e c t o r s  do n o t  r eco rd  a " h i t "  u n t i l  
t h e  1211 mylar d i e l ec t r i c  l a y e r  has been p e r f o r a t e d ,  t h i s  l a y e r  must 
be added t o  the  t h i c k n e s s  of aluminum t o  arr ive a t  t h e  combined 
t h i c k n e s s  of m a t e r i a l  p resented  by t h e  d e t e c t o r  t o  t h e  meteoroid 
environment (see Reference 15 for a diagram of t h e  detector) .  T h e  
aluminum e q u i v a l e n t  t h i c k n e s s  of t h e  mylar  l a y e r  i s  1011. T h i s  
l a y e r  makes a s i g n i f i c a n t  change t o  t h e  4 0 p  d e t e c t o r  on ly .  

Conf igu ra t ion  d i f f e r e n c e s  between d e t e c t o r s  were 
accounted f o r  by a s p a l l  f a c t o r  (de f ined  on page 6 of t h e  memorandum). 
P e r f o r a t i o n  of the Pegasus d e t e c t o r  more c l o s e l y  resembles pene t r a -  
t i o n  i n t o  a s e m i - i n f i n i t e  t a rge t ,  w h i l e  p e r f o r a t i o n  of t h e  Exp lo re r  
detector corresponds t o  th in - shee t  p e r f o r a t i o n .  T o  conve r t  from 
one t o  the other ,  a s p a l l  factor of 1 .5  w a s  used. 

Consider ing both d e t e c t o r  material  and c o n f i g u r a t i o n  
d i f f e r e n c e s ,  t h e  a u t h o r s  determined t h e  fo l lowing  material  t h i c k n e s s  
convers ion  equa t ions :  

t ( P e g )  = 0.87t  (Exp) for t he  2 0 0 ~  and 400p d e t e c t o r s ,  and 

t ( P e g )  = 0 . 9 9 t  (Exp) for  t h e  4 0 ~  detector. 

T h e  convers ion  equa t ion  f o r  the 200 and 4 0 0 ~  d e t e c t o r s  
compares w e l l  w i t h  Equation ( B - 1 ) .  The d a t a  p o i n t s  shown on  
F igu re  B - 1  f o r  these d e t e c t o r s  may t h e r e f o r e  be taken  t o  c o r r e s -  
pond t o  e i ther  convers ion  method t o  w i t h i n  5 % .  However, t h e  
e s t i m a t e  f o r  t h e  4011 d e t e c t o r  i s  shown d i s p l a c e d  t o  t h e  r i g h t  
of t h e  Alvarez e s t i m a t e  and now more c l o s e l y  ag rees  w i t h  t h e  
o ther  data.  

L 
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C o r r e l a t i o n  

The c o r r e l a t i o n  between theo ry  and i n - f l i g h t  meteoroid 
d a t a  is b e s t  shown by p l o t t i n g  on F igu re  B-1 t he  s t a i n l e s s - s t e e l -  
sheet f l u x  ra te  ob ta ined  u s i n g  t h e  t h e o r e t i c a l  method d e s c r i b e d  
i n  Appendix A. To conve r t  from t h e m  p e n e t r a t i o n  e q u a t i o n ,  a 
spa11 f a c t o r  of 1 .5  w a s  used  for  t h e  c o a t i n g  c a l c u l a t i o n s .  

3 Using t h e  v a l u e s  p m  = 0 . 5  gm/cm , vm = 30 km/sec, 
p t  = 8 . 3  gm/cm3 ( s t a i n l e s s  s t e e l )  , and Ht = 200 ( s t a i n l e s s  steel)  , 
t h e  number of  p e r f o r a t i o n s  per  rn2 p e r  sec i n  a t h i n  s t a i n l e s s  s teel  
sheet of t h i c k n e s s  t ( c m )  i s  

I 
I 
I 

I 
I 
1 
I 

-12 -2 -1 N =  ' a 8  lo m sec . 
Allowing f o r  an e a r t h  s h i e l d i n g  f a c t o r  of 3/4,  ( t h e  

t 3  

c o n d i t i o n s  du r ing  t h e  s a t e l l i t e  experiments)  , t h e N A R / N E P S A P  
e q u a t i o n  reduces t o  

-2 -1 m sec . 1 . 3 5  x 10 N =  

Equat ion (B-3 )  i s  p l o t t e d  on Figure  B-1 t o g e t h e r  w i t h  t h e  Whipple 
curve  o f  " B e s t  E s t i m a t e "  (Reference 1 7 )  , which i s  o f t e n  used fo r  
comparison purposes .  

Discuss ion  

T h e  agreement between the sa te l l i t e  d a t a  and t h e  
t h e o r e t i c a l  p r e d i c t i o n  &AR/NEPSAPI is very  good c o n s i d e r i n g  t h e  
many u n c e r t a i n t i e s .  Probably the most s e r i o u s  u n c e r t a i n t y  i n  
the s a t e l l i t e  d a t a  i s  tha t  of conve r t ing  t h e  Pegasus aluminum 
d a t a  t o  the e q u i v a l e n t  Explorer  data as exp la ined  above. I n  
a d d i t i o n ,  t h e  u s e  of t h e m e q u a t i o n  i s  i n  doubt because it w a s  
developed f o r  p e n e t r a t i o n  i n t o  s e m i - i n f i n i t e  t a r g e t s  and f o r  
r e l a t i v e l y  l o w  veloci t ies  which are n o t  r e p r e s e n t a t i v e  of 
meteoro id  impact ,  as d i scussed  i n  S e c t i o n  3 . 0  of t h e  memorandum. 

The good c o r r e l a t i o n  between the s a t e l l i t e  data  and 
the t h e o r e t i c a l  approach used i n  t h i s  s tudy  suppor t s  the b e l i e f  
t h a t  a s i g n i f i c a n t  hazard i s  presented  by t h e  meteoroid envi ron-  
ment  t o  the heat s h i e l d .  


